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(Li,Al)–co-doped magnesium spinel (LixMg1−2xAl2+xO4) is a solid lithium-ion electrolyte with
potential use in all-solid-state lithium-ion batteries. The spinel structure means that interfaces with
spinel electrodes, such as LiyMn2O4 and Li4+3zTi5O12, may be lattice-matched, with potentially
low interfacial resistances. Small lattice parameter differences across a lattice-matched interface
are unavoidable, causing residual epitaxial strain. This strain potentially modifies lithium diffu-
sion near the electrolyte–electrode interface, contributing to interfacial resistance. Here we report a
density functional theory study of strain effects on lithium diffusion pathways for (Li,Al)–co-doped
magnesium spinel, for xLi = 0.25 and xLi = 0.5. We have calculated diffusion profiles for the un-
strained materials, and for isotropic and biaxial tensile strains of up to 6%, corresponding to {100}
epitaxial interfaces with LiyMn2O4 and Li4+3zTi5O12. We find that isotropic tensile strain reduces
lithium diffusion barriers by as much as 0.32 eV, with typical barriers reduced by ∼ 0.1 eV. This
effect is associated with increased volumes of transitional octahedral sites, and broadly follows qual-
itative changes in local electrostatic potentials. For biaxial (epitaxial) strain, which more closely
approximates strain at a lattice-matched electrolyte–electrode interface, changes in octahedral site
volumes and in lithium diffusion barriers are much smaller than under isotropic strain. Typical
barriers are reduced by only ∼ 0.05 eV. Individual effects, however, depend on the pathway consid-
ered and the relative strain orientation. These results predict that isotropic strain strongly affects
ionic conductivities in (Li,Al)–co-doped magnesium spinel electrolytes, and that tensile strain is
a potential route to enhanced lithium transport. For a lattice-matched interface with candidate
spinel-structured electrodes, however, epitaxial strain has a small, but complex, effect on lithium
diffusion barriers.
INTRODUCTION
Lithium-ion batteries are widely used for energy stor-
age. Historically, the principal applications have been
in consumer electronics, but lithium-ion batteries are in-
creasingly finding use in other sectors, such as electric
vehicles and grid-scale storage. This success has been
tempered by concerns about the stability and safety of
the liquid electrolytes found in commercial lithium-ion
batteries. Organic liquid electrolytes are flammable, and
present an explosion risk if a cell were to short-circuit or
suffer mechanical failure. One proposed solution is to re-
place the liquid electrolytes with electrochemically inert
solid lithium-ion conductors. This would eliminate the
explosion risk, remove the need for costly protection cir-
cuitry, and allow possible battery miniaturization [1–3].
A number of promising lithium-ion solid electrolytes
exist; some with ionic conductivities comparable to those
of liquid electrolytes [2–4]. For a solid lithium-ion elec-
trolyte to be commercially viable it must be electrically
and chemically stable under cell-operating conditions,
and have high ionic and negligible electronic conductiv-
ities. In an all–solid-state lithium-ion battery, device
performance also depends on the interfacial resistance
between the electrolyte and electrodes [5]. If a solid
electrolyte–electrode pair have crystal structures or lat-
tices that are incommensurate, the electrolyte–electrode
interface is expected to be mismatched. Lithium-diffusion
pathways across these mismatched interfaces may be
highly tortuous, resulting in large interfacial resistances
[6].
One strategy for developing all–solid-state batteries
with low interfacial resistances is to choose electrolyte–
electrode combinations that are lattice-matched [6, 7]. If
the cathode, electrode, and anode have mutually com-
patible crystal structures that allow epitaxially coherent
interfaces, the diffusion pathways across these solid–solid
interfaces are expected to be relatively unobstructed,
giving low interfacial resistances. Lattice matching be-
tween electrodes and a solid lithium-ion electrolyte was
first described by Thackeray and Goodenough in 1985
[7], who suggested using spinel-structured materials for
each of the anode, cathode, and electrolyte. Spinel
structured electrodes, such as LiyMn2O4 lithium man-
ganate cathodes and Li4+3zTi5O12 lithium titanate an-
odes are well known, and are already used in commercial
batteries. Spinel-structured electrolytes, however, have
long proved elusive. In 2013, Rosciano et al . synthe-
sised a new class of spinel-structured lithium-ion elec-
trolytes based on (Li,Al)–co-doped magnesium spinel
(LixMg1−2xAl2+xO4) [6, 8, 9]. This development has re-
vived interest in the possibility of all-solid-state lithium-
ion batteries constructed to have a coherent face-centred–
cubic (fcc) oxide lattice shared across the anode, elec-
trolyte, and cathode.
Lattice matched electrode–electrolyte interfaces are
also interesting in the context of protective coatings for
cathodes used with conventional electrolyte chemistries.
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2Coating cathode materials with solid electrolyte thin
films can enhance cell performance and increase oper-
ating lifetimes, by inhibiting electrolyte–electrode side-
reactions, and improving the mechanical resilience of the
cathode during lithium insertion and extraction [10–13].
Solid thin film coatings have also been used in solid-
state lithium-ion batteries as a separating layer between
the cathode and a solid electrolyte, to reduce interfacial
resistance [14–16]. In both these cases, the interfacial
resistance between the cathode and the thin-film coat-
ing can limit cell performance. Using lattice-matched
solid electrolytes as thin film surface layers is one strat-
egy to design low resistance cathode–thin-film interfaces.
Epitaxial matching between a spinel-structured cathode
and a spinel-structured surface coating has been demon-
strated by Li et al . who have coated spinel LiMn2O4 with
Li4Ti5O12, giving a coherent epitaxial interface between
the two materials [17].
Perfect lattice-matching between structurally compat-
ible electrode–electrolyte pairs is not achievable in prac-
tice, and any coherent lattice-matched interface will ex-
hibit some residual strain. For example, the lattice pa-
rameter of MgAl2O4 differs from those of LiyMn2O4
and Li4+3zTi5O12 by 0.04%–2.3% and 4.0%, respectively
[18, 19]. (Li,Al)-codoping of MgAl2O4 causes the lat-
tice parameter to contract as the lithium concentration
is increased (see Table I). The degree of interfacial strain
therefore depends not only on the choice of interfacing
electrode, but also on the electrolyte stoichiometry.
Residual strain at electrolyte–electrode interfaces may
not be without consequences. Lattice strains modify lo-
cal atomic geometries and distort the potential energy
surface that defines lithium diffusion pathways. This af-
fects diffusion barrier heights, and hence ionic conductiv-
ities. The effect of interfacial strain on ionic conductivi-
ties has been widely studied in fuel cell materials [20–27],
motivated by the possibility of straining thin film elec-
trolytes to enhance their oxide-ion conductivities, and
hence reduce device operating temperatures. More re-
cently, the concept of “strain engineering” has also been
considered as a strategy for enhancing lithium conductiv-
ity in lithium-ion electrodes and electrolytes [28–37]. The
effect of interfacial strain is particularly pertinent for an
electrolyte such as (Li,Al)–co-doped MgAl2O4, where in-
terest is motivated by the possibility of lattice-matching
with spinel-structured electrolytes.
Computational modelling provides a powerful tool for
studying how factors such as stoichiometry or strain can
affect lithium diffusion. To date, the only computational
study of lithium transport in (Li,Al)–co-doped magne-
sium spinel was performed by Mees et al . [38]. These au-
thors modelled lithium diffusion at dopant concentrations
of xLi = 0.125, xLi = 0.25, and xLi = 0.50, by calculat-
ing lithium-ion diffusion barriers using density-functional
theory (DFT) nudged–elastic-band (NEB) calculations,
These diffusion barriers were then used in kinetic Monte
System aexpt. [A˚] Ref. aPBEsol [A˚]
Li0.28Mn2O4 8.043 [18]
Li0.74Mn2O4 8.144 [18]
LiMn2O4 8.221 [18]
Li4+3zTi5O12 8.360 [19]
MgAl2O4 (xLi = 0) 8.04 [6] 8.051
Li0.25Mg0.5Al2.25O4 (xLi = 0.25) 7.96 [6] 7.996
Li0.5Al2.5O4 (xLi = 0.5) 7.89 [6] 7.907
TABLE I. Lattice parameters for lithium manganate and
lithium titanate spinels, and for LixMg1−2xAl2+xO4, from ex-
periment and as calculated (PBEsol) for this work.
Carlo (kMC) simulations to model long time-scale diffu-
sion. These kMC simulations predicted that increasing
xLi from 0.25 to 0.50 causes the lithium diffusion coeffi-
cient to increase by ×102, with a corresponding decrease
in activation energy from 0.61 eV to 0.45 eV.1
Despite this predicted increase in lithium diffusion co-
efficient with (Li,Al)-dopant concentration, Mees et al .
suggested that the optimal composition for use with
the electrodes LiyMn2O4 or Li4+3zTi5O12 is xLi ≈ 0.3.
This effective limit was proposed with two considera-
tions in mind. First, that high lithium content may
promote phase separation to poorly conducting LiAl5O8
and MgAl2O4. Second, because the bulk lattice pa-
rameter of (Li,Al)–co-doped spinel decreases as xLi in-
creases, a higher lithium content corresponds to a larger
lattice-parameter mismatch with the spinel electrolytes
LiyMn2O4 and Li4+3zTi5O12. This, in turn, was sug-
gested to be likely to increase interfacial resistance, and
reduce overall device performance. Subsequent exper-
imental work has shown that (Li,Al)–co-doped spinel
can be synthesised at high dopant concentrations (up
to xLi = 0.4) without phase separation [9]. The first
concern regarding phase stability then, may be (at least
partially) avoided through careful synthesis. The second
question, however; the effect of epitaxial strain on lithium
diffusion, in particular as xLi increases; remains open.
Here we report density functional theory (DFT)
climbing-image nudged–elastic-band (CI-NEB) [39] cal-
culations of lithium diffusion pathways in unstrained,
isotropically strained, and epitaxially (biaxially) strained
(Li,Al)–co-doped MgAl2O4. We have performed these
calculations to better understand the consequences
of strain at a hypothetical lattice-matched interface
between (Li,Al)–co-doped spinel and the electrodes
LiyMn2O4 and Li4+3zTi5O12. Our calculations assume
an implicit coherent interface across the full range of
1 Interestingly, the local DFT-NEB diffusion barriers for lithium
motion calculated by Mees et al . [38] are broadly independent of
dopant concentration, suggesting that the dominant effect of sto-
ichiometry on the lithium diffusion coefficient is due to changes
in the connectivity of available diffusion pathways.
3dopant stoichiometries considered. Increasing xLi in-
creases the degree of lattice mismatch with respect to
both candidate electrodes. At high mismatch values it
becomes increasingly likely that dislocations or other ex-
tended defects form, which relieve the interfacial strain,
and which may have additional effects on lithium trans-
port. In practice, high quality interfaces may require
thin films of electrolyte, which are more able to preserve
epitaxy under large lattice misfits [40].
We find that in (Li,Al)–co-doped spinel, isotropic ten-
sile strain reduces lithium diffusion barriers, from ∼
0.4 eV to ∼ 0.25 eV under strains of up to 6%. This effect
is correlated with changes in the volume of the octahedral
site at the midpoint of each diffusion pathway, and differ-
ences in diffusion barriers are approximately correlated
with differences in electrostatic potential along specific
paths. For anisotropic strain, which approximates an
ideal coherent electrolyte–electrode interface, the transi-
tion site volume changes are much smaller, and the cor-
responding effect on the lithium-diffusion barrier height
is weaker. While the effect of epitaxial strain on most
barriers is a small reduction (∼ 0.05 eV at 6% strain)
the quantitative details are more complex than in the
isotropic strain case: changed to barrier heights depend
on the choice of diffusion path being considered, and the
orientation relative to the applied strain. These results
indicate that isotropic strain is expected to have a large
impact on ionic conductivities in (Li,Al)–co-doped spinel
electrolytes, with tensile strain being a potential route
to enhanced lithium transport. For “lattice-matched”
electrolyte–electrode systems, however, providing inter-
faces remain coherent, the residual epitaxial strain is not
expected to strongly affect lithium diffusion barriers.
METHODS
All calculations were performed using the plane-wave
DFT code VASP [41, 42]. Exchange and correlation ef-
fects were approximated by the revised Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA)
PBEsol functional [43]. The pseudopotential method was
used in the form of projector augmented wave (PAW)
pseudopotentials to treat core electrons [44] with 3 va-
lence electrons for Al (3s23p1), 1 valence electron for Li
(2s1), 6 valence electrons for O (2s22p6), and 2 valence
electrons for Mg (3s2). All calculations were performed
on 56 atom cells, and k-space sampling used a (3×3×3)
Monkhorst-Pack grid. The plane-wave cut-off energy was
600 eV for calculations with variable cell shape and vol-
ume, and 550 eV for calculations with fixed cell shape.
Geometry optimisations, including the CI-NEB calcula-
tions were, were deemed converged when the forces on
ions were less than 1× 10−2 eV A˚−1.
The conventional spinel structure belongs to the Fd3¯m
spacegroup, and has 56 ions in the unit cell, with sto-
(a) x = 0
(Mg8)[Al]16O32
(b) x = 0.25
(Li2Al2Mg4)[Al]16O32
(c) x = 0.5
(Li4Al4)[Al]16O32
FIG. 1. Example 56 atom unit cells for un-
doped and (Li,Al)-doped spinel structures with compo-
sition (AlxMg1−2xLix)[Al2]O4. (a) The undoped parent
spinel (xLi = 0): (Mg8)[Al16]O32, (b) 50% doped (xLi =
0.25): (Al2Li2Mg4)[Al16]O32, (c) Fully doped (xLi = 0.5):
(Al4Li4)[Al16]O32. Mg atoms are orange, Al atoms are blue,
Li atoms are green, and O atoms are red.
ichiometry (A2+)[B3+2 ]O4. In the normal magnesium-
spinel structure, (Mg)[Al2]O4, Mg
2+ cations occupy the
tetrahedral 8a Wycoff positions, Al3+ cations occupy the
octahedral 16d positions, and O2− anions occupy the 32e
positions [45, 46]. Upon co-doping with {Li,Al}, pairs of
Mg2+ cations are substituted in equal proportion by Li+
and Al3+, to maintain charge neutrality, giving a compo-
sition of (AlxMg1−2xLix)[Al2]O4 [6, 38]. The maximum
possible dopant content is xLi = 0.5 (Fig. 1).
For our calculations, we consider dopant concentra-
tions of xLi = 0.25 and xLi = 0.5. Substitutional dop-
ing at the Mg sites lowers the crystal symmetry, making
the A-site cations non-equivalent. To account for this
A-site disorder we identified all symmetry inequivalent
structures at each dopant concentration using the bsym
code [47]. In a 56 atom cell, this gives 7 structures at
xLi = 0.25 and 4 structures at xLi = 0.5. Fig. 1 shows ex-
4FIG. 2. Li+ diffusion pathway between neighbouring A cation
sites via the 16c octahedral vacancy (yellow).
amples of these doped structures alongside the undoped
magnesium-spinel structure. Li+ diffusion between the
tetrahedral A-sites proceeds via 8a–16c–8a paths, with
the vacant 16c octahedra connecting the end-point tetra-
hedra (Fig. 2).
In this study we focus on vacancy–mediated lithium-
ion transport, following the approach of Mees et al . [38].
For each inequivalent doped structure, we generated the
full set of possible lithium-diffusion pathways by remov-
ing, in turn, each of the A-site lithium ions. At a dopant
content of xLi = 0.25, three of the seven initial symme-
try inequivalent structures have viable lithium diffusion
pathways, where a lithium ion can move from an occupied
A site, through an octahedral 16c site, into a previously
unoccupied destination A-site. These three structures
have one unique pathway each, which can be traversed
in either direction. At a dopant content of xLi = 0.5,
three of the four symmetry inequivalent structures have
viable lithium-diffusion pathways. Two of these struc-
tures have a single pathway, and the third structure has
two.
To sample these different diffusion pathways, we con-
sider all three inequivalent paths at xLi = 0.25, and three
of the available paths at xLi = 0.5. For each lithium con-
centration, this gives a set of pathways that includes all
possible combinations of initial and final A-site coordina-
tion environments within a 56 atom unit cell. For each
candidate pathway, we have performed a series of CI-
NEB calculation to evaluate the potential energy profile
of a diffusing lithium ion [39]. We denote specific path-
ways using Spx, where S describes the target strain (U =
unstrained, LM = lithium manganate lattice parameters,
LT = lithium titanate lattice parameters), x is the dopant
concentration xLi, and p enumerates the pathways. An
additional superscript R indicates a “reversed” pathway
in cases where the diffusion profile is not symmetric. To
model isotropic strain, all three lattice parameters are
equally scaled to match that of the target electrode. For
anisotropic epitaxial strain, only two of the lattice pa-
rameters are adjusted to match the target lattice. The
perpendicular lattice parameter is adjusted to minimise
the total cell energy.
The different strain protocols; unstrained, isotropic,
and epitaxial; are illustrated schematically in Fig. 3. In
all cases, we consider strains corresponding to model
{100}A|{100}B coherent interfaces between the doped
(Mg,Al)-spinel and the target electrode (lithium man-
ganate or lithium titanate spinel). Li4+3zTi5O12 is a
“zero-strain” material, whose lattice parameters change
by < 0.1% upon lithium intercalation and extraction
[19, 48, 49]. The lattice parameters of LiyMn2O4, how-
ever, expand and contract on lithium insertion and
extraction, varying from 8.04 A˚ (0.04% strain versus
MgAl2O4) at xLi = 0.28, to 8.36 A˚ (2.3% strain ver-
sus MgAl2O4) at xLi = 1.0 [18]. For our calculations
we consider an intermediate LiyMn2O4 lattice parame-
ter of 8.144 A˚ (1.3% strain versus MgAl2O4), which cor-
responds to a stoichiometry of xLi ≈ 0.74. This gives
three strain values that span our range of interest, for
each diffusion pathway. The behaviour at intermediate
strains, such as those corresponding to fully inserted or
delithiated LiyMn2O4, can be extrapolated by interpo-
lating the calculated data.
(a) unstrained (b) isotropic strain (c) anisotropic strain
(epitaxial)
FIG. 3. 2D schematic illustrating the unstrained, isotropi-
cally strained, and anisotropically strained calculations. (a)
Unstrained: all lattice parameters are relaxed during the DFT
calculation (a, b, c = aDFT) (b) Isotropic strain: all three lat-
tice parameters are scaled to match those of the target elec-
trode (VCell = Velectrode) (c) Anisotropic strain: the two in-
plane lattice parameters are scaled to match those the target
electrode, and the perpendicular lattice parameter is relaxed
([a, b = aelectrode, c = cDFT], [b, c = aelectrode, a = aDFT],
[a, c = aelectrode, b = bDFT])
In addition to potential energy profiles from our CI-
NEB calculations, we also present electrostatic potential
profiles along each path. These are defined as the aver-
age electrostatic potential at the site of the mobile ion,
evaluated at the optimised geometry of each NEB im-
age. If a diffusing lithium ion is approximated as a +1
point charge, then the potential energy surface is charac-
terised entirely by the electrostatic interactions between
the mobile lithium ion and the surrounding lattice. Pre-
vious computational studies of lithium-ion diffusion in
electrodes have shown that electrostatic potential pro-
files often give a good approximate description of diffu-
sion barrier profiles [50–52]. In real systems, however,
the interactions between mobile lithium ions and the
host lattice are not purely electrostatic. Lithium ions
5also experience short-ranged repulsion from nearby lat-
tice ions, due to overlapping valence electron densities.
The detailed shape of a diffusion potential energy profile
therefore depends on the balance of the electrostatic and
short-ranged repulsive interactions.2 In general, short-
ranged repulsion is expected to be reduced under ex-
pansive strain. Our inclusion of electrostatic potential
energy profiles is motivated, in part, by an interest in
the extent to which this conceptually simple metric de-
scribes lithium-ion diffusion in (Li,Al)–co-doped spinel
electrolytes [51, 52].
To better understand the role of A-site cation disorder
on lithium diffusion profiles, we also parametrise how the
A-site coordination environments differ from those in un-
doped MgAl2O4. We have followed the analysis of Mees
et al., who noted that the energy of different co-doped
spinel structures is correlated with the “average” local
oxidation state for the A-site cations, µi [38]. For a spe-
cific A-site, µi is defined as the average formal oxidation
state; OLi = +1,OMg = +2,OAl = +3,Ovacancy = 0;
of the ions occupying the central A-site, and the four
nearest-neighbour A-sites:
µi =
1
5
Oi + ∑
j∈{nnAi }
Oj
 (1)
Structures with lower energies tend to have average µ
values closer to +2, i.e. the value obtained for A-site Mg
ions in the undoped parent structure. Deviations from
this “optimal” average nearest-neighbour oxidation state
can be quantified by calculating the root-mean-square
difference between µi and the optimal value of +2 for all
occupied A-sites in each structure:
σA =
√∑
i(µi − 2)2
7
. (2)
Inputs and outputs for our VASP calculations are
openly available under the CC-BY-SA-4.0 license [53].
This dataset includes Python scripts for extracting the
NEB profiles, electrostatic potential profiles, and vol-
umes of transitional octahedral sites from the DFT calcu-
lation outputs, and for calculating σA (Eqn. 2). Analysis
codes that produce Figs. 4–10 are available as a Jupyter
notebook [54–56], published under the MIT license. Figs.
1 and 2 were generated using VESTA [57].
2 For this analysis, we neglect lithium ion polarisation and disper-
sion interactions. Both contributions are expected to be small,
due to the compact 1s2 electron configuration of Li+.
RESULTS
Unstrained (Li,Al)–co-doped spinel
We first consider lithium diffusion path-
ways in unstrained (Li,Al)–co-doped spinel,
(AlxMg1−2xLix)[Al2]O4, using DFT-optimised lat-
tice parameters for each dopant concentration. The
potential energy profiles for the minimum-energy path-
ways for lithium diffusion are shown in Fig. 4, and
the barrier heights are collected in Fig. 5. The energy
barriers for diffusion between adjacent A-sites range
from 0.38 eV to 0.45 eV at xLi = 0.25, and from 0.27 eV
to 0.48 eV at xLi = 0.50. These energies are broadly
consistent with those from the previous DFT NEB study
of Mees et al . [38], and with values from NMR analysis
of lithium jumps between lattice sites in these materials
[6].
(Li,Al)-codoping of MgAl2O4 introduces disorder
across the A-sites, and makes the lithium-occupied A-
sites non-equivalent. From the perspective of a cation
occupying a particular A-site, the local effect of this dis-
order is to introduce variation into the nearest-neighbour
A-site occupation: each neighbouring A-site may now
contain Li, Mg, or Al, or be vacant. For each lithium dif-
fusion pathway, the nearest-neighbour A-site occupations
for the end-point configurations allows paths to be clas-
sification as symmetric or asymmetric. Pathways with
identical nearest-neighbour A-site coordination environ-
ments at both end-points are symmetric, while those with
different coordination environments are asymmetric.
For the symmetric pathways, the diffusion barrier
height is necessarily equal for diffusion in both direc-
tions. For asymmetric pathways, however, the end-point
energies may differ, and the potential energy profile rela-
tive to the starting structure depends on the direction of
lithium diffusion. For the asymmetric pathways consid-
ered here, we present data for lithium diffusion in both
forward and reverse directions, with the latter indicated
with a superscript R.
The relative energies of the two endpoints for an asym-
metric path can be analysed in terms of σA (Eqn. 2),
which describes the average A-site oxidation-state devia-
tion from that of MgAl2O4. For the U
3
0.25 path, the lower
energy end-point gives σA = 0.1069, and the higher en-
ergy end-point gives σA = 0.3207. Similarly, for the U
3
0.50
path, the lower energy end-point gives σA = 0.2, and
the higher energy end-point gives σA = 0.4721. In both
cases, the lower energy end-point gives the lower value
of σA, indicating a more uniform arrangement of formal
charges on the spinel lattice.
The electrostatic potential profiles approximately fol-
low the potential energy profiles. For each path, the cal-
culated electrostatic potential barrier typically overesti-
mates the NEB barrier. This is consistent with lithium
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FIG. 4. cNEB energy profiles and corresponding electrostatic potential profiles for unstrained and isotropically strained struc-
tures (xLi = 0.25 (top) and xLi = 0.5 (bottom)). Notation is as follows: S
p
x, where S is strain (U = unstrained, LM = strained
to lithium manganate lattice parameters, LT = strained to lithium titanate lattice parameters), x is the dopant concentration
and p enumerates the pathways (where R refers to the same pathway in reverse). The inset schematic in each panel shows
the coordination environments of the initial and final A-site positions. Li ions are green, Mg are orange and Al are blue.
Electrostatic potential profiles (including the contribution from the mobile Li+ ion) at the Li+ site along the diffusion pathway
are shown by the corresponding coloured dashed lines.
ions experiencing stronger short-ranged repulsion at the
tetrahedral A sites than at the intermediate octahedral
sites. This increases the energies of lithium at each end-
point relative to the NEB path maximum. For the U30.5
(and U3R0.5) paths, there is quantitative disagreement be-
tween the electrostatic potential profile and the NEB po-
tential profile. The electrostatic potential predicts the
incorrect energy ordering of the two end-points. This
illustrates that the electrostatic potential alone is not
guaranteed to give a good description of the potential
energy surface for mobile lithium ions.
Isotropically-strained (Li,Al)–co-doped spinel
We now consider the effect of isotropic strain on
lithium diffusion. We have calculated NEB barriers for
both dopant concentrations with the unit cell strained to
the LiyMn2O4 and Li4+3zTi5O12 lattice volumes (Figs. 4
and 5). Isotropic strain has a large impact on the dif-
fusion barriers. For the symmetric pathways the effect
of this strain is straightforward: increased tensile strain
decreases the diffusion barriers at both dopant concen-
trations. This result mirrors the effects seen in many
7solid oxide fuel cell electrolytes [22–24, 26], where tensile
strain typically increases oxide ion diffusion.
For the asymmetric pathway the situation is more com-
plicated. Because asymmetric paths necessarily have in-
equivalent endpoints, the applied strain can affect their
relative energies. The change in the diffusion barrier
height therefore depends on the direction of motion along
the path. At xLi = 0.25 the barrier is reduced for the for-
ward pathway (3), but slightly increases for the reverse
path (3R). At xLi = 0.5 this asymmetry is even more
pronounced, with a large barrier increase for the forward
path (3), but a large decrease for the reverse path (3R).
Fig. 6 plots the relative change in volume for the interme-
diate octahedral site, ∆Voct, against the change in bar-
rier height, ∆ENEB. For both xLi = 0.25 and xLi = 0.50,
the average trend of decreasing the NEB barrier height
is apparent. The outliers (showing both increased and
strongly decreased barrier heights) correspond to the two
asymmetric paths described above.
The effect of strain on the NEB profiles is mirrored
by the electrostatic potential profiles, suggesting that
changes in electrostatic potential do provide at least a
qualitative metric for predicting the effects of strain on
lithium ion diffusion. Fig. 7 plots the NEB barrier against
the electrostatic barrier for each path. Linear–least-
squares fits for each strain protocol show that the elec-
trostatic potential barrier becomes an increasingly good
predictor of the NEB barrier at larger strains. This is
consistent with short-ranged repulsion interactions being
less significant as the lattice volume increases under ten-
sile strain.
The effect of isotropic strain on the asymmetric paths
can also be examined from the perspective of the σA
values for each end-point. For both asymmetric paths,
S30.25 and S
3
0.50, tensile strain produces a relative stabili-
sation of the end-point structure that more strongly de-
viates from the average +II oxidation state of the parent
MgAl2O4 spinel, i.e. the structure with the larger σA. At
xLi = 0.5, this effect is large enough that the relative sta-
bilities of the two end-points are reversed, contradicting
the general trend that higher σ values correspond to less
stable structures.
Anisotropically-strained (Li,Al)–co-doped spinel
In the previous section, we have presented results
showing the effect of isotropic strain on lithium-ion
diffusion barriers. For a hypothetical lattice-matched
electrolyte–electrode interface, however, lattice strain
due to electrolyte–electrode epitaxy is not isotropic, but
instead is anisotropic. Specifically, the lattice will be
strained parallel to the interface, but is free to relax in
the perpendicular direction.
To model the strain at a hypothetical lattice-matched
electrolyte–electrode interface, we extended our calcula-
tions on isotropically strained systems to consider the
effect of anisotropic strain on the CI-NEB diffusion path-
ways. For these calculations, we still consider strain
as arising from coherent {100}A|{100}B heterointerfaces.
Under anisotropic strain, the three {100} directions be-
come inequivalent, and we consider each possible strain
orientation. For each calculation, the two in-plane lattice
parameters are strained to match experimental values of
either LiyMn2O4 or Li4+3zTi5O12, and the third lattice
parameter is optimised to minimise the total system en-
ergy. Because we consider only {100} oriented interfaces,
this is equivalent to biaxial strain.
The effect of anisotropic strain on diffusion barrier
height is much smaller than in the isotropic case, with
changes from −0.182 eV to +0.074 eV. Individual val-
ues depend on the exact path being considered, and on
the relative orientation of the applied strain. Individ-
ual NEB profiles are shown in Fig. 8 (xLi = 0.25) and
Fig. 9 (xLi = 0.50), and the full set of barrier heights
are collected in Fig. 5. The NEB pathway again depends
on the symmetry of the start- and end-point A cation
sites. In some cases, however, the application of planar
strain breaks the symmetry found in the isotropic and
unstrained structures. This point is illustrated by the
ALM10.25 and
ALT10.25 pathways (Fig. 8) where the energy
difference between the start- and end-points depends on
the orientation of the applied strain.
For the symmetric isotropically strained pathways, dis-
cussed above, the effect on the electrostatic potential un-
der strain gave a good indication of the effect on the
NEB diffusion barrier. This simple electrostatic model is
not applicable, however, for the antisymmetric pathways.
Under anisotropic strain, we find that the effect on the
electrostatic potential is no longer a useful predictor of
the change in NEB barrier: in some cases the electro-
static potential barrier decreases while the NEB barrier
increases. The electrostatic potential profiles also show
the effect of the applied strain lowering the cell symmetry,
with relative potentials of path end-points now varying
with the orientation of the applied strain. For isotropic
strain, we observed a direct relationship between the vol-
ume of the transitional octahedral 16c site, and the elec-
trostatic potential at the diffusing Li+ site. For these
anisotropically strained calculations, we find that the oc-
tahedral site volume changes are much smaller than those
due to the equivalent isotropic strain, because the cell is
allowed to contract along the free axis. As a result of
this reduced volume change, the effect on diffusion barri-
ers typically is much smaller than that of the isotropically
strained equivalents (Figs. 8, 9, & 10).
SUMMARY & DISCUSSION
(Li,Al)-codoped MgAl2O4 represents a new class of
spinel-structured lithium-ion solid electrolytes, with po-
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FIG. 5. Variation in NEB barrier heights, ENEB, with strain. U = unstrained, LM = strained to LiyMn2O4 lattice parameters,
LT = strained to Li4+3zTi5O12 lattice parameters. Panels (a) and (b) show data for isotropic strain, at xLi = 0.25 and
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tential applications in an all-spinel solid-state lithium-
ion battery [6], or as an electrode–buffer-layer [58], with
lattice-matched electrolyte–electrode interfaces. Any
lattice-matched (or epitaxial) interface between an elec-
trode and electrolyte will exhibit some residual intrin-
sic strain. In the case of (Li,Al)-codoped MgAl2O4,
hypothetical lattice-matched (100) interfaces with the
spinel electrodes LiyMn2O4 or Li4+3zTi5O12 require ten-
sile strains of up to 3.2 or 6.0 % respectively, at xLi =
0.5. Because the lattice parameter of (Li,Al)-codoped
MgAl2O4 decreases with higher doping levels, It has
previously been suggested that high dopant concentra-
tions (xLi > 0.3) should be avoided, to minimise possi-
ble corresponding increases in interfacial resistance [38].
High dopant concentrations, however, have been pre-
dicted to have higher lithium conductivities, making
them more appealing as solid electrolytes. These issues
have prompted us to conduct this computational study
into the effects of tensile strain on the lithium-ion diffu-
sion pathways in (Li,Al)-doped MgAl2O4, to assess the
extent to which the increased strain expected at higher
dopant concentrations affects lithium-ion transport.
We have performed a series of climbing-image nudged–
elastic-band (CI-NEB) calculations to evaluate the po-
tential energy profile for lithium vacancy diffusion, which
proceeds via tetrahedron–octahedron–tetrahedron paths
through the spinel structure. Our calculations show that
isotropic strain, for most paths, decreases diffusion bar-
riers; with an average reduction of ∼ 0.1 eV for a lattice
strained to match Li4+3zTi5O12 (6% strain). This change
is correlated with changes in the electrostatic potential
profile along each diffusion path. The electrostatic po-
tential profile, however, does not give a good prediction
of potential energy barriers for all paths, particularly in
cases where paths are asymmetric. As the lattice volume
increases under tensile strain, however, we find that the
electrostatic potential profile gives an increasingly good
approximation of the diffusion potential energy profile.
For a realistic lattice-matched interface, the resulting
strain will be anisotropic (epitaxial). From our CI-NEB
calculations of anisotropically strained cells, in general
we predict a much smaller change in diffusion barriers
than for equivalent isotropic strain. Individual changes,
however, show a complex dependency on the particular
path being considered, and the orientation of the dif-
fusion pathway relative to the applied strain, and some
barriers increase, by up to +0.074 eV at 6.0% strain. The
smaller effect on diffusion barriers under epitaxial strain
compared to equivalent isotropic strain is attributed to
the capacity of a system under epitaxial strain to re-
lax in the perpendicular direction. This difference is can
be seen in the relative volume changes of the intermedi-
ate octahedral sites. Under anisotropic strain the transi-
tional octahedral sites undergo a smaller volume expan-
sion than under equivalent isotropic strain.
Because the distribution of barrier heights is predicted
to not change significantly under anisotropic strain, par-
ticularly at xLi = 0.5, we postulate that epitaxial strain
arising from lattice-matching will not significantly af-
fect lithium diffusion in the region close to an electrode–
electrolyte interface. The effect of epitaxial strain on in-
dividual barriers is complex, however, causing both small
decreases and small increases in barrier heights. A precise
quantitative prediction of the effect of strain on ensem-
ble transport properties (diffusion coefficients and ionic
conductivities), would therefore require statistically sam-
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FIG. 6. Change in NEB barrier height, ∆ENEB, as a func-
tion of volume change for the 16c octahedra, ∆Voct, under
isotropic strain, for (a) xLi = 0.25 (b) xLi = 0.5. Red
and orange circles correspond to strain to LiyMn2O4 and
Li4+3zTi5O12 lattice parameters, respectively. Dashed lines
link equivalent pathways under different strains. The solid
black points show mean values under each strain condition.
Closed circles correspond to data for symmetric paths, and
open circles to data for asymmetric paths.
pling all relevant paths, using, for example, molecular dy-
namics or kinetic Monte Carlo simulations (cf. ref. [38]).
Changes to local diffusion barriers are not the only
possible mechanism by which interfacial strain might af-
fect interfacial resistance. At a heterointerface between
an electrode and electrolyte, the standard chemical po-
tential of lithium ions may differ between the two ma-
terials. This can drive a spontaneous redistribution of
the mobile ions across the interface to form space-charge
layers on each side [59]. Under an applied voltage, fur-
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FIG. 7. Electrostatic potential barrier, ∆ΦNEB, versus
potential energy barrier, ∆ENEB, for the diffusing lithium
ion, for pathways under zero-strain (black), and isotropically
strained to the LiyMn2O4 (red) and Li4+3zTi5O12 (orange)
cell volumes. (a) xLi = 0.25. (b) xLi = 0.50. The solid lines
show linear best fits at each strain (U, LM, LT). The diagonal
dashed line corresponds to an exact 1:1 relationship between
∆ΦNEB and ∆ENEB. Closed circles correspond to data for
symmetric paths, and open circles to data for asymmetric
paths.
ther redistribution of ions can occur, producing more
complex space-charge profiles [60]. The change in local
lithium-ion concentration associated with space-charge
formation can affect the local conductivity (and resistiv-
ity) either positively or negatively, and hence contributes
to interfacial resistance. Because strain shifts the lo-
cal electrostatic potential, interfacial strain changes the
standard electrochemical potential offset at an electrode–
electrolyte interface. This consequently affects space-
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FIG. 8. xLi = 0.25 cNEB energy profiles and corresponding electrostatic potential profiles for unstrained and anisotropically
strained structures. Notation is as follows: Spx, where S is strain (U = unstrained, LM = strained to lithium manganate
lattice parameters (top two rows), LT = strained to lithium titanate lattice parameters (bottom two rows)), x is the dopant
concentration and p enumerates the pathways (where R refers to the same pathway in reverse). A superscript A indicates
anisotropic strain along only two axes. The inset schematic in each panel shows the coordination environments of the initial
and final A-site positions. Li ions are green, Mg are orange and Al are blue. Electrostatic potential profiles (including the
contribution from the mobile Li+ ion) at the Li+ site along the diffusion pathway are shown by the corresponding coloured
dashed lines.
charge formation, and the associated space-charge con-
tribution to interfacial resistance. Our study also implic-
itly assumes that any relevant epitaxial heterointerface
between electrode and electrolyte can be formed with-
out dislocations or other extended defects. A complete
model of lattice-matched electrode–electrolyte interfaces
should, therefore, also consider these issues. Assuming a
coherent lattice-matched interface, however, and neglect-
ing shifts in electrostatic potentials, our results suggest
that changes in local diffusion barriers due to epitaxial
strain are small, even for relatively large in-plane strains.
Extrapolating from this result, we posit that lithium
transport close to lattice-matched electrolyte–electrode
interfaces is not significantly affected by the residual lat-
tice strain. Accurately resolving the transport behaviour
for a specific electrode–electrolyte pair, however, requires
going beyond the local diffusion barrier modelling de-
scribed here, and explicitly calculating lithium transport
coefficients under the appropriate strain.
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